Regenerative ability varies tremendously across species. A common feature of regeneration of 21 appendages such as limbs, fins, antlers, and tails is the formation of a blastema--a transient 22 structure that houses a pool of progenitor cells that regenerate the missing tissue. We have 23 identified the expression of von Willebrand Factor D and EGF Domains (vwde) as a common 24 feature of blastemas capable of regenerating limbs and fins in a variety of highly regenerative 25 species. Further, vwde expression is tightly linked to the ability to regenerate appendages. 26 Functional experiments demonstrate a requirement for vwde in regeneration and indicate that 27 Vwde is a potent mitogen in the blastema. These data identify a key role for vwde in regenerating 28 blastemas and underscore the power of an evolutionarily-informed approach for identifying 29 conserved genetic components of regeneration. 30 The underlying reasons why some animals have the ability to regenerate complex 32 structures, while others cannot, remains an important and open question. This knowledge gap has 33 led to intense study of how regeneration-competent species are able to perform complex multi-34 tissue regeneration, with a particular focus on the ability to regenerate paired appendages, such 35 as limbs and fins. However, this has long been a pursuit without an understanding of whether this 36 ability was present when paired appendages first evolved or was acquired by certain 37 phylogenetic lineages (e.g. urodele amphibians).
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that vwde may be an important factor in forming a pro-regenerative niche. These expression data 146 across a range of species indicate that vwde fits the profile of an evolutionarily-conserved, 147 regeneration-enriched gene and that vwde may play an important role in the blastema niche. 148 To investigate if vwde is required for regeneration, we performed morpholino-mediated 149 knockdown at its peak expression in the medium-bud limb blastema. We found a substantial 150 reduction in the length of the blastemas when Vwde was knocked down with two separate 151 translation-blocking morpholinos ( Figure 4A-B) . Fluorescent reporter constructs with vwde-152 morpholino binding sites confirmed that both unique vwde-targeting morpholinos were capable 153 of blocking translation (Supplemental Figure 3 ). Due to the dramatic reduction in blastema 154 length, we investigated if vwde was important for blastema proliferation and/or cell survival. We 155 found that knockdown of Vwde substantially reduced blastema cell cycle entry ( Figure 4C -D) 156 and did not alter cell survival compared to control limbs (Supplemental Figure 4 ). Due to the 157 observed delay in blastema growth, we questioned whether blastemas treated with translation-158 blocking morpholinos were capable of recovering from the transient knockdown of Vwde and 159 produce fully regenerated limbs. We therefore performed the same Vwde morpholino-mediated 160 knockdown on a separate group of axolotls, and then allowed for the full course of regeneration 161 to complete, harvesting limbs more than eight weeks post-amputation. We observed that one-162 time injection of Vwde-targeting morpholino caused substantial abnormalities in regenerated 163 limbs, suggesting an essential role for vwde during limb regeneration ( Figure 4E -G). We found 164 defects in 4.2% (1/24) control limbs compared to 46% (13/28) of limbs treated with vwde MO1 165 and 25% (5/20) of limbs treated with vwde MO2 (Fisher's exact test P < 0.05) ( Figure 4F , Table   166 1, Supplemental Figure 5 ). A second experiment yielded similar results, with defects at endpoint 167 in 27.6% (8/29) of control (vwde MO1 inverted) treated limbs compared to 47% (18/38) of limbs treated with vwde MO1 (Fisher's exact test P < 0.05) ( Figure 4G , Table 2 Recent work, most notably next generation sequencing, has led to a plethora of 178 information about the genes and cells that define the blastema [1, 2, [5] [6] [7] [8] [9] [10] [11] [12] [13] . However, it is difficult 179 to determine which genes may have functional relevance based purely on their expression. We 180 decided to investigate a single blastema-enriched gene, vwde, using an evolutionarily-informed 181 approach, assuming that a gene whose expression is enriched in blastemas of multiple, distantly-182 related, species is likely a key factor during regeneration.
183
The in vivo assays used here place Vwde as a critical regulator of cell cycle entry during 184 axolotl limb regeneration. Proliferation is a complex, but fundamental, aspect of regeneration, as 185 there are many different cell types and potential origins of proliferative signals. Previous work 186 indicates that mitogenic signals are produced directly following amputation independent of the 187 nerve or wound epidermis [20, 21] , but are also provided by the nerve [22, 23] or wound 188 epidermis [24] . There are thus multiple sources of mitogenic signals in the regenerating limb, but 189 it is unclear if mitogenic signals from multiple tissues are required simultaneously or perhaps in 190 a more stepwise fashion to maintain blastema proliferation. Our data indicate that Vwde may be 191 a blastema progenitor cell-derived mitogen, which adds to the potential sources of proliferative signals in the regenerating limb. It has been previously postulated that nerve-derived signals are 193 required early on during blastema formation and growth, but a fibroblast-derived factor is 194 required for complete regeneration [25] . We speculate that vwde, which appears to be expressed It is interesting to speculate on what has been lost in amniotes that prevents appendage not necessarily a prerequisite when considering which candidate genes might be responsible for 218 high regenerative capacity. Alternative scenarios include, but are not limited to, genes that have 219 lost ancestral pro-regenerative function or have altered expression domains/kinetics. Vwde may 220 fit the paradigm of a gene that is present in both regeneration-competent and regeneration-221 incompetent species, but may exclusively be used in the blastema, a structure that cannot be 222 produced by most regeneration-incompetent species.
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While the blastema is required for regeneration, wound healing and activation of 224 progenitor cells required for formation of the blastema must precede blastema formation. Based 225 on the expression profile, we do not expect vwde to be a driver of blastema formation, but more 226 likely a downstream effector once a blastema has been established. In most cases of amputation 227 in less regenerative species, the blastema is not able to form, and thus we suspect that a more 228 upstream or systemic factor may prevent blastema formation. While there may have initially 229 been one primary cause of the loss of regenerative ability, such as the rise of adaptive immunity 230 [30] or trade-offs associated with endothermy [31], it is likely that other aspects of the 231 regenerative response have now been lost due to their lack of utility. If vwde played a relatively 232 specialized function in the blastema and blastemas generally do not exist in less regenerative 233 species then the use for vwde decreases. This could explain why 42.7% of human genomes have 234 a predicted loss-of-function copy of VWDE, leading to speculation that VWDE is potentially 235 drifting towards inactivation in the human population [32] . While the blastema remains the 236 elusive feature required for appendage regeneration, this work illustrates that taking an evolutionarily-informed approach can lead to identification of functionally important genes. This 238 also suggests that further work to understand the similarities between different species blastemas 239 may help to elucidate the core molecular program of the blastema. (Table 3) Table 3 . Colorimetric 286 in situ hybridization in axolotl tissue harvested from animals with snout to tail lengths of 9.5-287 11.5cm and was performed as previously described at protocols.io 288 (https://www.protocols.io/view/rna-in-situ-hybridization-p33dqqn).
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For in situ hybridizations with fish samples, fins of P. senegalus (5 dpa and uninjured) and L. and fixed as previously described [1] . Riboprobe templates containing a gene-specific segment 294 (400-500 bp) and a T7 promoter sequence were produced by a 2-round PCR strategy (primers are 295 listed in Table 3 ). Riboprobes were synthesized with T7 RNA polymerase (Roche) and DIG-296 labeling mix (Roche). Controls probes (sense riboprobes) were synthesized from a template 297 containing the T7 promoter in a reverse orientation. A total of 300 ng of DIG-labeled riboprobe 298 was used per slide during in situ hybridization performed as previously described [1] . Images were 299 obtained on a Nikon Eclipse 80i microscope and processed using the NIS-Element D4.10.1 300 program.
Xenopus laevis eggs were obtained, fertilized, and cultured as embryos at 18 °C using standard 303 methods as in [34] . All experimental procedures using Xenopus laevis were approved by the 37℃ in probe wash buffer (50% formamide, 5X SSC, 9 mM citric acid (pH 6.0), 0.1% Tween-20, and 50µg/mL heparin). Samples were then washed two times in 5X SSC at room temperature. Pre-333 amplification was then performed at room temperature for 30 minutes in amplification buffer (5X 334 SSC, 0.1% Tween-20, 10% dextran sulfate). During pre-amplification, hairpin probes (ordered 335 from https://www.molecularinstruments.com/) compatible with vwde.L probe pairs were heated 336 individually at 95℃ for 30 seconds and then snap cooled for 30 min at room temperature in the 337 dark. After 30 minutes, probe pairs were added to amplification buffer at 1:50 (3 µM stock) and 338 this probe containing buffer was subsequently added to samples, ensuring that samples were fully 339 immersed. Incubation was performed overnight at room temperature. The next day, samples were 340 washed for 5 min in 5X SSCT, twice for 30 min in 5X SSCT, and a 5 min wash in 5X SSCT.
341
Samples were then stained with DAPI for 5 min in 1X PBS, washed for 5 min in 1X PBS, and then 342 stored in 1X PBS. Samples were then mounted in low melt agarose and imaged on a Zeiss LSM 343 880 Upright. A median 3x3 filter followed by maximum projection was applied to all images.
344
Morpholino design and administration 345 Morpholinos were designed and synthesized by GeneTools. Morpholino sequences can be found 346 in Table 3 . About 1.25 µl of morpholino was injected in the blastema and electroporation was 347 performed as described in Electroporation. All morpholinos were 3' fluorescein conjugated to 348 allow for visualization. Morpholinos were reconstituted to 1 mM in 2X PBS and diluted to a 349 working concentration of 500 µM in 1X PBS prior to injection. above. The axolotl (Ambystoma mexicanum) predicted proteome was obtained from 395 https://data.broadinstitute.org/Trinity/SalamanderWeb/Axolotl.Trinity.CellReports2017.transdec 396 oder.pep.gz [11] . Cloning of axolotl vwde revealed a sequencing error in the axolotl 397 transcriptome which eliminated the first ~500bp of the sequence. We manually changed the 398 axolotl proteome to include this corrected version of vwde (Supplementary File 1) .
399
To predict orthologs, we used OrthoFinder2.0 (version 2.3.3) [14] . Orthofinder was implemented 400 as follows:
401
`orthofinder -f /path/to/proteomes -M msa -A mafft -T fasttree -t 20 -o /path/to/output/directory` 402 Protein domain diagrams 403 The R package, drawProteins [38] was used to draw protein domains for different species Vwde.
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For all genes contained within Uniprot, these were downloaded directly with drawProteins. For 
